Abstract--The historical significance of work with electric organs for the development of electrobiology and our understanding of the cholinergic synapse at the cell and molecular biological level is traced from its earliest beginning in folk medicine, through the controversy on bioelectricity between Galvani and Volta to the present day, the last decades of which have seen the sequencing of the nicotinic acetylcholine receptor, the isolation and biochemical characterization of the cholinergic vesicle and much else. In the concluding section of the review the continued relevance and usefulness of the electromotor system as a model for future neurobiological research is emphasized.
Progress in experimental biology often depends on the selection of a suitable model system. For the mammalian central nervous system this is well illustrated by Mcllwain's application of the tissue slice technique to brain tissue. Such slice preparations enable many metabolic processes of importance in the maintenance of cerebral function to be studied under controlled conditions in vitro while retaining a high degree of organization and electrical activity. In the peripheral nervous system, the perfused superior cervical ganglion, the avian ciliary ganglion, but especially the mammalian adrenal medulla and the electromotor synapses of electric fish have provided preparations of comparable value, the adrenal medulla yielding a hypertrophied model of the adrenergic nerve terminal and the electromotor synapse of electric organs a hypertrophied version of the cholinergic neuromuscular junction.
This article aims briefly to survey the historical significance for our understanding of cholinergic synaptic function, particularly in its cell and molecular biological aspects, of the electric organs of certain genera of fish.
Electric organs exist in great variety in unrelated species and have been the products of convergent evolution. They can be divided broadly into two types: the weakly and strongly electric organs. The former continuously emit trains of high frequency discharges which are picked up by electroreceptors on the body surface of the fish; the attenuation or distortion of the signals by objects in the surrounding water enables the fish to form an impression of its environment; this is particularly useful in muddy water. The strongly electric organs are designed to stun faster-moving prey. In some species of this class, e.g. the electric eel, Electrophorus, of the Amazon, the organ may serve both functions. Although weakly electric organs have been studied morphologically and electrophysioiogically, the electric organs most investigated are those of the two strongly electric, but otherwise unrelated genera, Electrophorus and the electric ray, Torpedo, an elasmobranch related to sharks, the type species of which, T. torpedo (Linn.), is common in the Mediterranean. Some other species of ray have small electric organs in the tail; these are more difficult to classify and have hitherto attracted little attention, but have potential for the future. The same applies to the electric catfish of the Nile, Malapterurus, in which only one giant electromotor neuron on each side controls extensive paired electric organs. 276 VI('I()R P. WHllIAKER early art ( Fig. 1 ) and the Torpedo in IMk medicine (reviewed by Kellaway, 1946 : Wu, 1984 : Zimmermann, 1985 . Torpedo is the classical Latin name of the electric ray and is derived from torpere, to be stiff or numb (hence the English word 'torpid'); the use of the word to denote a self-propelled underwater missile is derivative. in his tIistoria Animalium and Pliny the Elder (23 70) in his Naturalis Historia both gave accounts of the Torpedo and its application in medicine, Galen (129-199) speculated on the nature of the discharge and Claudian (370-408) wrote an idyll on the unpleasant consequences of hooking a Torpedo when fishing! Numerous ancient authors, Greek. Roman and Arabic, refer to the numbing or paralysing shocks received when handling these fish, but until the nature of electricity began to be understood in the 18th century these shocks were thought to be caused by some kind of venom or toxin analogous to those of snakes, scorpions or certain plants. No connexion at all was seen with that other natural manifestation of electricity, lightning.
Eighteenth-century scientists discover that the shock is electrical
Accurate anatomical descriptions of Torpedo began in the 17th century. The German Engelbert Kaempfer (1651-1716) travelled extensively in the near and far East and studied the common torpedo of the Persian Gulf, 7". panthera (Carrubba and Bowers, 1982) . He gives a vivid description of the discharge of the organ: "the numbness induced is not the sort felt in a sleeping limb, but a sudden condition that instantly travels through the touching part and penetrates the citadel of life and breath... In a word, you would think that your major joints were broken and limp, especially those of that member which first received the expelled vapours... So powerful and so swift is the force of the horrid exhalation that like a chill bolt of lightning it shoots through the handler". "Chill", "numb"--the use of these words reminds one of Galen's view of the nature of the shock administered by the electric organ, which was of course known to the scholarly Kaempfer: in accordance with his doctrine that disease was due to an imbalance of the four humours, Galen thought that the shock was a discharge of extreme cold. However, Kaempfer's mention of lightning is prescient.
Among 17th and 18th century descriptions of the torpedo are those of the Italian Lorenzini (ft. 1678) who made careful dissections; he correctly speculated that the electric organ was derived from muscle and thought the shock must be caused by the rapid expulsion o1 corpuscles by it. Giovanni Borelli (1608 1679) extending Lorenzini's theory thought that the shock was a kind of rapid vibration or blow: this was supported by the influential Rend de Reaumur (ft. 1714). An even more detailed dissection of the electric organ was made by the English anatomist John Hunter (1728-1793). The first detailed description of the innervation of the electric organ was given by Rudolph Wagner, a Gdttingen Professor of zoology (Fig. 2) .
The invention of the Leyden jar, a primitive condenser, by van Musschenbroek and von Kleist allowed the electric charges generated by a friction machine to be stored and so enabled much larger discharges to be generated than had previously been possible. The sensations produced by shocks of this kind were soon noticed to be similar to those generated by electric fish. This quickened interest in the latter, which was increased when reports reached Europe and North America of the electric eel (Electrophorus) of the Amazon: the discharge of this fish is much larger than that of the torpedo and may reach 600 V. Critics of the electrical nature of the discharge were finally silenced when Walsh (1725-1795) demonstrated in 1773 that an electric eel could in fact generate a spark. The era of bioelectricity had now begun. Until the advent of the thermionic amplifier in 1920, electric organs provided the only physiological preparation in which membrane potentials could be easily studied and no textbook of physiology in the 19th century was complete without a long chapter on them. A good example is the two-volume textbook by M' Kendrick and St6hr (1888) . However, during the final decade of the 18th century, a new controversy broke out, between Galvani (1737 Galvani ( --1798 and Volta (1745 Volta ( -1827 on the nature of bioelectricity (for interesting accounts see Rothschuh, 1961; Mauro, 1969; Wu, 1984 and for contemporary speculations, Rothschuh, 1960) ; Galvani maintained that living cells could generate electricity (Fig. 1) while Volta insisted that the phenomenon observed by Galvani was a purely physical one resulting from the contact of the metallic conductors with moist tissue. Both were correct. Volta was right in saying that Galvani's original demonstration could be explained by the contact of dissimilar metals and did not require the concept of bioelectricity: he built the first battery to prove it. On the other hand, Galvani's later experiments with what we would now call injury potentials and the existence of electric organs were both examples of bioelectricity that Volta could not gainsay: indeed he called his battery an "artificial electric organ". However, the Green's (1953) translation, "Moreover, this one thing seems particularly proper and peculiar of the torpedo and cognate animals that at their will and pleasure they can direct electricity outside their skin, and expel it so that it completes its circulation outside the body, and with such quantity and force that it exhibits a spark, if we heed the physicist, so that it produces a concussion and violent sensation and sometimes makes such an impact on the animalcules that fall into the path of its circulation, that it either kills or stupefies and terrifies them".
true origin and nature of bioelectricity remained obscure. A better understanding required the development of a much more sensitive method of detecting weak currents and this was achieved by Du Bois-Reymond (1818 -1896 . Using a sensitive galvanometer of his own design that utilized over 5 km of wire wound in 24,000 turns Du Bois-Reymond was able to detect action currents in muscle and nerve. The development of chemical thermodynamics and its application to the theory of solutions, led to the discovery of diffusion potentials which arise when two solutions containing an ion at different concentrations are separated by a membrane permeable to that ion. This phase culminated in the work of Bernstein (1912) who first correctly postulated that the discharge of the organ arose from a transient increase of the permeability of the innervated membrane to positively charged ions and the resultant asymmetrical distribution of charge across it.
The chemical nature of synaptic transmission
Interest in electric organs waned alter the First World War, largely as a result of the development of the thermionic valve amplifier and its application to electrophysiology by Lucas, Adrian and Cole in the 1920s. This made it possible for the first time to detect action potentials in single nerve and muscle fibres. However, the nature of the link between the propagated action potential in nerve and that in the postsynaptic nerve or muscle which it excites required for its understanding the confluence of two other concepts: that of chemical transmission, of which the chief protagonists were Loewi and Dale, and that of the "generator" or excitatory postsynaptic potential (epsp) as a graded response to transmitter release which triggers an "all-or-nothing" conducted response in the target cell; the main contributors here were Kuffter, Katz and Eccles. Grundfest, in an important review (1957) which summarized his own work and that of others, notably Keynes and Martins-Ferreira (1953) , pointed out that the discharge of Torpedo consisted exclusively of summed epsps, whereas that of Electrophorus comprised both epsp and a conducted response: whereas the mature electrocytes of Torpedo are electrically inexcitable and cannot respond with a conducted action potential to a chemically generated epsp, those of Electrophorus can do so.
The close relationship of electrocytes to muscle ..... the embryological differentiation of normal-looking myotubes in the electric-organ Anlage into electrocytes had been clearly described, inter alia, by Fritsch (1890) in his important and comprehensive monograph on electric fishes--made it extremely likely that transmission at the electromotor synapse, like that at normal neuromuscular junctions, would prove to be mediated by acetylcholine. That this was so was demonstrated in a now classical series of experiments carried out in Arcachon in 1939 in a brief 3 weeks in June of that year, just before the outbreak of the Second World War. Two of the three protagonists, David Nachmansohn and Wilhelm Feldberg, were German Jews who had emigrated from NationalSocialist Germany.
Nachmansohn's life-long involvement with the electric organ and acetylcholine metabolism began, in collaboration with his student technician, Annette Marnay, in the Laboratoire de Physiologic G6n6rale of the University of the Sorbonne, Paris where, as a refugee from Hitler Germany, he had obtained an appointment in 1934. The classical work of Loewi. Dale and others had strongly indicated that transmission at several synapses, including the neuromuscular junction, involved the release of acctylcholine from the presynaptic nerve terminals and its interaction with receptors in the postsynaptic membrane; Dale had coined the term "cholinergic" to indicate such synapses in contrast to those utilizing noradrenaline in the same way which he called "adrenergic". ll had long been known that acetylcholine was rapidly destroyed enzymatically by contact with tissue and blood (Dale, 1914) and could be stabilized in their presence by the addition of eserine in low concentrations (Engelhart and Loewi, 1930; Matthes, 1930) . The enzyme from plasma was purified by Stedman et al. (1932) and named by them choline-esterase, later abbreviated to cholinesterase.
The significance o[" cholinesterase
High concentrations are present in electric' organs. Nachmansohn reasoned that if acetylcholine was indeed a transmitter at the neuromuscular junction, it must be destroyed within the refractory period of muscle, i.e. within a few milliseconds. Marnay and Nachmansohn (1938) examined the cholinesterase activity of frog sartorius muscle in which the motor endplates are confined to one end. They found that the enzyme activity in the innervated portion was several thousand times greater than that of the noninnervated portion and was sufficiently great to bring about the hydrolysis of acetylcholine in the appropriate short time interval. With Lederer, Nachmansohn then showed (Nachmansohn and Lederer, 1939) The electromotor synapse is shown to be cholinergic. In a mere 3 weeks of research in the summer of 1939 supplemented by some further work in London, the cholinergic nature of the transmission at the electromotor synapse was established. The results were described in a now classical paper (Feldberg and Fessard, 1942; Fig. 2) . Three lines of evidence are presented. In the first, extracts of electric organ made under conditions which preserve acetylcholine (presence of eserine, a powerful inhibitor of cholinesterase, or extraction at pH 4.0) are shown to contain a substance which contracts the frog's rectus abdominis muscle; the contractions can be matched by acetylcholine and the substance, like acetylcholine, is alkali-labile and destroyed by contact with electric organ tissue or with serum if eserine is not present. It causes acetylcholine-like contractions of the dorsal muscle of the leech, slowing of the frog's heart, a fall in the cat's blood pressure and adrenaline release from the adrenal medulla, and in parallel assays can be matched consistently in its depressor, cardioinhibitory and contractile actions with acetylcholine. Electric organ levels (as acetylcholine) are about 400 nmol g-l, consistent with the lower of the range of values found in later assays, including those utilizing gas chromatography-mass spectrometry (Weiler et al., 1981) in which the presence of acetylcholine is decisively indicated by the mass spectrum. In the second line of evidence, the liberation of what we may now call acetylcholine from the tissue is shown in experiments with organs perfused through the artery accompanying the lind nerve. Stimulation at 12Hz for 3min releases aprox. 0.8nmol acetylcholine min z. Finally, close arterial injection of 25-1000 pmol of acetylcholine generates typical postsynaptic potentials analogous to those recorded from muscle endplates. The electromotor junction is thus cholinergic, like the neuromuscular junction.
Nachmansohn felt increasingly insecure in France as the clouds of war began to gather in Europe and in late summer 1939, he left for the U.S.A. and a position in Fulton's Department of Physiology at Yale University, Feldberg had already emigrated, with Dale's help, to England in 1933. Nachmansohn's theory of excitable tissue. Nachmansohn's views about the role of acetylcholine and NC.I. 14/3--D cholinesterase now began to diverge from those of Dale and Feldberg. Obtaining supplies of electric eel through C. W. Coates, the curator of the New York aquarium, Nachmansohn found that the cholinesterase activity of the electric organ of this species was even higher than that of Torpedo, whereas in the weak electric organ in the tail of the skate the cholinesterase was low (Nachmansohn and Meyerhof, 1941 ; Table 1 ). There was thus a kind of proportionality between electrical activity and cholinesterase activity. Naehmansohn soon generalized this into the concept that the synthesis and breakdown of acetylcholine were involved in the activity of all excitable tissues: he held that the basis of the propagated action potential in nerve and muscle was the cyclical synthesis and destruction of acetylcholine within the membrane in the course of which aeetylcholine interacted with a "receptor" thus opening the sodium channels and initiating the electrical signal. The action of acetylcholine was transferred from the terminal, and a role in synaptic transmission, to the nerve (and muscle) membrane, and assigned a role in the conduction of the action potential. Nachmansohn presented his case in innumerable lectures and review articles and, definitively, in his book Chemical and Molecular Basis of Nerve Activity (Nachmansohn, 1959) . To his hearers he often seemed to lecture more with the skill of a defence lawyer rather than with the objectivity of a research scientist, for the essential correctness of the Dale theory of cholinergic transmission was by now almost universally accepted, even by neurophysiologists like Eccles, who had been strongly opposed to it, and much evidence could be marshalled against Nachmansohn's model. The organophosphorus anticholinesterases. An important factor in Nachmansohn's career was the discovery of the highly toxic organophosphorus anticholinesterases, the so-called "nerve gases". An interesting account of these substances has been given by Holmstedt (1964) . Their highly toxic nature was first noticed in Germany in the thirties (Lange and Krueger, 1932) and they were patented as insecticides; however, they soon attracted the attention of the German military authorities and further publication was suppressed. Their existence became known to the British in 1940, after the outbreak of the Second World War; their powerful anticholinesterase action was discovered and correctly identified as the basis of their toxic action (Kilby and Kilby, 1947) . This information was passed to the Americans after their entry into the war in 1941. Nachmansohn, as one of the few American scientists with experience in the biochemistry of cholinesterase, was soon brought into the American military research effort; thereafter he was generously financed for the rest of his life and was able to build up a large research team.
Nachmansohn's theory Jails to convince his critics. Since Nachmansohn's theory initially derived from his work with electric tissue, it may be appropriate at this point to mention briefly some of the difficulties encountered by it and thus to explain its failure to command general assent in preference to the "classical" theory of Dale, which as already mentioned assigns to acetylcholine the function of acting as a transmitter at a subset of nerve endings designated "cholinergic". First of all, the three main components of the system, acetylcholine, acetylcholinesterase and choline acetyltransferase, vary enormously in their concentration in different parts of the nervous system, may occur in non-excitable tissues and are not always well correlated with each other. Thus acetylcholinesterase is found in relatively high concentration in red cells and in the cerebellum, whereas choline acetyltransferase and acetylcholine (whose distribution correlates far better than either of them do with acetylcholinesterase) are absent or low. By contrast human placenta, a non-excitable tissue, contains considerable amounts of choline acetyltransferase and acetylcholine. The choline acetyltransferase of dorsal roots is only about 3% of that of ventral roots, yet the general features of the conducted excitation are similar in both roots. The alternative, which ascribes the 3% of choline acetyltransferase to approx. 3% of cholinergic motor nerves known from degeneration studies to be present in dorsal roots, seems more plausible. Low concentration of cholinergic markers in putative noncholinergic nerves such as the giant axon of the squid may be due to the presence of cholinergic vasodilator fibres which innervate the blood vessels in the nerve sheath.
The presence of cholinergic markers throughout the length of cholinergic neurons cannot be taken as evidence that conduction is "cholinergic'" in Nachmansohn's sense since components needed in the nerve terminal have to be made in the cell body and transported to the terminal when they are found in much higher concentration. There is, moreover, experimental evidence for this: placing a ligature around a cholinergic nerve produces an accumulation of choline acetyltransferase and acetylcholine above the ligature.
Nachmansohn laid great stress on the ability of diisopropylphosphofluoridate (DPF) to block nerve conduction. However, very high concentrations had to be used: 10 mM or 100 times those needed to block synaptic transmission and the effect produced is unlike that of DPF's anticholinesterase activity: it is reversible on washing. That organophosphorus anticholinesterases can have actions on nerves other than to inhibit their cholinesterase is shown by the ability of some of them including DPF to produce demyelination.
Nachmansohn and his group did not get very far in characterizing the fourth component of his scheme, the receptor for acetylcholine. It is now known that there are two types of receptor, muscarinic and nicotinic, which can be distinguished by appropriate ligands. Again, the binding of these ligands to nervous tissue is highly selective indicating a nonuniform distribution of cholinoceptive as well as cholinergic function. Neither of these receptors are identical in distribution to the sodium channel, as required by the Nachmansohn model.
It is difficult to avoid the conclusion that Nachmansohn, in spite of his early medical training, had little instinct for the subtleties of biological systems and tended to be too simplistic in the interpretation of the data. Thus, he regarded inhibitors like DPF as completely specific for cholinesterase in Bottom left: title page of a classical paper: Feldberg and Fessard's (1942) • .,,,.
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• : wartime British work on DPF just mentioned, it is certainly not correct to state that "DPF was thought by most pharmacologists to exert a general toxic effect" (Changeux, 1985, p. 23) . The concept of two active sites in the active centre of acetylcholinesterase (Wilson and Bergmann, 1950) one acting on the ester link, the other binding to the positively charged nitrogen of the substrate (Changeux, 1985, p. 21 ) was anticipated and independently formulated by Adams and Whittaker 0949, 1950 ) (reviewed by Whittaker, 1951 . The second and definitive of these papers, it may be added, was greatly delayed in publication, as can be verified from the dates of submission, by the intervention of a special number of the journal devoted to Meyerhof, and edited by Nachmansohn! The discovery of the reactivating effect of hydroxylamine on the alkylphosphorylated enzyme (Wilson, 1951; Changeux, 1985, p. 22 ) was made at a time when the alkylphosphorylation of esterases by organophosphorus inhibitors and their spontaneous reactivation was being studied intensively by numerous workers, including Aldridge, Davies, Green, Hartley and Kilby in the U.K. and Balls and Jansen in the U.S.A. Several groups including that of Davies at the U.K. Chemical Defence Experimental Establishment at Porton Down (Davies and Green, 1956; Childs et al., 1956 ) tested large numbers of oximes in an effort to define the optimum structure for reactivation, independently discovering 2-pyridine aldoxime as a potent reactivator of cholinesterase, but the publication of some of this work was delayed for reasons of military security.
The nicotinic acetylcholine receptor. It became apparent that electric tissue, with its abundant cholinergic innervation, should be an excellent source of the acetylcholine receptor, the hypothetical ion channel in the postsynaptic cholinoceptive membrane allowing the movement across it, in response to combination with the transmitter, of univalent positive ions (Na + and K+), and the generation of the epsp. Early, unsuccessful, attempts at isolation were made by Chagas, Ehrenpreis, De Robertis and others, but a landmark experiment was that performed by Kasai and Changeux (1971) in which preparations of "microsacs"--identified as pinched off invaginations of the postsynaptic plasma membranes of electrocytes--made in a medium containing 23Na and then transferred to a 23Na-free solution showed a release of 23Na which was stimulated by acetylcholine and its agonists. The original work was done with preparations from eel, but later, Torpedo electric organ has been used in preference, since it has about 100 times more acetylcholine receptor per unit weight than eel. This is a consequence of the much larger area of synaptic contact in the latter. In the early sixties, four main groups of investigators advanced our knowledge of the acetylcholine receptor, those of Heilbronn, Karlin, Changeux and Raftery. The last-named group situated on the American West coast, found Torpedo californica an ideal source material. The discovery that certain snake toxins, notably ~-bungarotoxin and a similar toxin from the venom of the cobra Naja naja were powerful receptor blockers enabled the receptor to be isolated. Heilbronn and co-workers (Karlsson et al., 1972) pioneered the use of affinity chromatography, using columns of Sepharose to which Naja naja venom was covalently bound. This venom was used in preference to ~-bungarotoxin because its lower affinity enabled the receptor to be eluted from the column at high ionic strength. Interestingly, Professor Heilbronn's great-great-uncle, F. G. J. Henle (1809-1885), best known for his eponymous kidney loops, also worked on Torpedo (E. Heilbronn, personal communication) .
As soon as purified receptor became available, antisera were raised to it in rabbits initially for the purpose of immunochemical characterization of the molecule. Patrick and Lindstrom (1973) , and independently, Heilbronn and Mattsson (1974) then noticed that the rabbits developed hind-limb paralysis. This condition resembled the human disease myasthenia gravis and was referred to as experimental autoimmune myasthenia gravis. There is now an immense literature on this subject (Toyka, 1988) , and it is recognized that the commonest form of the disease is an autoimmune condition arising from the release of the normally membrane-bound receptor into the circulation and the formation of antibodies to it which interfere with neuromuscular transmission. In a given patient there is a reasonably good correlation between the increasing severity of the disease and the rise in circulating anti-receptor antibodies, but between patients the correlation is often poor. Forms of myasthenia are now recognized which involve impairment of presynaptic transmitter release. Subsequent work on the characterization of the receptor protein culminating in the use of the recombinant DNA technique by Numa and his group to sequence the receptor subunits, has been one of the great success stories of modern molecular neurobiology (reviewed by Maelicke, 1984 Maelicke, , 1988 . Briefly, the receptor consists of five subunits, two cts and one fl, ~ and 6 subunit (Fig. 3) . These show considerable homology; each one traverses the membrane four times and the receptor is composed of a cluster of all • . . . .
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five forming a funnel-shaped channel through which univalent ions can move when the ligand attaches itself to the two ct-subunits; however, the precise conformational changes which open the channel and are responsible for desensitization by the agonist still elude precise definition, though one theory is that the subunits twist relative to each other rather like an iris diaphragm (Kistler et al., 1982) . The cell biology of the presynaptic nerve terminals. The use of Torpedo electric organ to study the cell and molecular biology of the synthesis, storage and release of acetylcholine began in the early sixties in V. P. Whittaker's group in the Institute of Animal Physiology, Babraham, soon after his discovery of the synaptosome and his isolation of homogeneous preparations of presynaptic vesicles from brain cortex. The stimulus was provided by a colleague, R. D. Keynes, who was working on heat production in the electric organ of Torpedo in a neighbouring laboratory. This resulted in the first papers on the isolation of purely cholinergic synaptic vesicles from this tissue (Sheridan and Whittaker, 1964; Sheridan et al., 1966) . This work continued through the seventies and eighties as Whittaker moved, first to Cambridge University and then to G6ttingen and has led to a fairly complete understanding of the structure (Fig. 4) , function and life-cycle of the cholinergic synaptic vesicle, and its role in the exocytosis of transmitter in response to stimulation (reviewed by Whittaker, 1984 Whittaker, , 1987a . Less is known about the presynaptic plasma membrane, but here too, Torpedo electric organs are an excellent source and good progress is being made in the isolation of the high-affinity choline transporter (Ducis and Whittaker, 1985) , transmitter related gangliosidic surface antigens (reviewed by Whittaker and Borroni, 1988) and much else. The electric organ is also a rich source of a protein, calelectrin (Sfidhof et al., 1985) which binds to membranes in a Ca2+-dependent manner. Antisera to this protein cross-react with similar proteins in other tissues--including mammalian tissues--and this has led to the identification of a new class of Ca2+-regulated lipid-binding proteins (Siidhof et al., 1984) for which the name annexins has also been proposed (Geisow, 1986) . Some members of the group have been sequenced (Crompton et al., 1988; Sfidhof et al., 1988) .
FUTURE PROSPECTS
It seems appropriate to conclude this historical review by a glimpse into the future. Figure 5 summarizes, in diagrammatic form, the various parts of the electromotor system: to the left are lines of work which are well advanced or completed; to the right are those which are still in an early stage of development. Some of the problems mentioned are being studied in other model systems, sometimes more effectively than in Torpedo, and, as with all model systems, the generality of the findings has to be tested. Nevertheless, the electromotor system continues to offer some unique advantages.
The electric lobes--prominent paired lobes on the dorsal surface of the brain stem just behind the cerebellum--weigh 300-400 mg in a large specimen; 50% of their mass is made up of the large cell bodies of the electromotor neurons. These are packed with pigment granules, mitochondria, rough and smooth surfaced endoplasmic reticulum, vesicles and polysomes, giving a picture of intense synthetic activity-- problems that are largely solved and (right) those that have only just started .
and are packaged in granules distinct from synaptic vesicles. Although, as previously mentioned, we now have a good understanding of the structure and function of the synaptic vesicle and its recycling at the terminal, the mechanism of exocytosis is still far from being understood. One of the most important--but most neglected--aspects of the synapse is the presynaptic plasma membrane. Its complex structure can be inferred from the multiplicity of the functions it performs, which include the uptake of molecules needed for energy metabolism and transmitter synthesis, conducting the nerve impulse into the terminal region, permitting the inflow of Ca 2÷ into the terminal in response to this invasion, regulating transmitter release through autoreceptors, recognizing and adhering to the postsynaptic membrane, and detecting trophic factors needed for the expression and maintenance of cholinergic function. Presynaptic plasma membranes may be isolated in bulk from electric tissue; the high-affinity choline transporter has been isolated and reconstituted in an artificial membrane (Duels and Whittaker, 1985) , cholinergic-specific surface antigens have been identified and partially characterized (Whittaker and Borroni, 1988) and trophic factors have been identified but not as yet fully characterized (Richardson et al., 1985) . There is thus little doubt that this model system will continue to influence the development of neurobiology for many years to come. understandable when one considers that these cells must maintain over 30 times their own volume of presynaptic nerve terminal. This material should be excellent for tracing the genesis and addressing of synaptic and other storage vesicles, the synthesis of presynaptic proteins and (Schmid and Girou, 1987) the identification of those parts of the genome responsible for cholinergic function. Synapses in these lobes are of only one type: non-cholinergic (probably glutamergic); synaptosomes derived from them should be an excellent source material for investigating this type of ending.
The eight large electromotor nerves have been used to study axonal transport in this purely cholinergic system (Davies, 1978) but there is much to do especially in distinguishing between the different types of storage vesicle transported (Agoston and Conlon, 1986; Agoston et el., 1989) and the mechanisms involved. At the terminal, it has recently been established that two neuropeptides, a VIP-and a GRP-iike neuropeptide (Agoston and Conlon, 1986; Agoston and Shaw, 1989) are present in this neuron
